The advent of cell culture-based methods for the establishment and expansion of human corneal 28 endothelial cells (CEnC) has provided an available source of transplantable corneal endothelium, with a 29 significant potential to challenge the one donor-one recipient paradigm. However, concerns over cell state 30 identity remain, and a comprehensive characterization of the cultured CEnC has not been performed. To 31 this end, we compared two established CEnC culture methods by assessing cell function and 32 characterizing the transcriptomic changes that occur during in vitro expansion. In confluent monolayers, 33 low mitogenic culture conditions preserved corneal endothelial cell state identity better than culture in 34 high mitogenic conditions. Expansion by continuous passaging induced replicative cell senescence.
INTRODUCTION

42
The worldwide shortage of donor corneal tissue for the treatment of corneal endothelial dysfunction potential targets for suppressing cellular senescence, and confirmed that a relatively low mitogenic 94 environment is better at maintaining the CEnC phenotype in vitro (Peh et al., 2015) . These findings form 95 the basis for continued development of in vitro culture and expansion of primary CEnC for their eventual 96 use in cell replacement therapy for the management of corneal endothelial loss or dysfunction. manufacturer's instructions. RNA preparations were subsequently purified using the RNeasy Clean-Up gProfiler (version: e94_eg41_p11_04285a3). The three main GO categories are Molecular Function 151 (MF), Biological Process (BP) and Cellular Component (CC) (data version: release/2018-12-28).
152
Databases used for pathway analysis were Kyoto Encyclopedia of Genes and Genomes (KEGG) 153 pathways (version: KEGG FTP Release 2019-01-07), REACTOME (REAC) pathways (classes: 2019-1-154 24), and WikiPathways (WP)(version: 20190110). The g:SCS method for computing multiple testing 155 correction was used for selecting significantly enriched GO terms and pathways identified by gProfiler.
156
Ingenuity Pathway Analysis software (Qiagen; build: 486617M) was used to determine the pathways detection using the Wes separation 12-230 kDa capillary cartridges (Protein Simple). Separation and M5. Image acquisition was performed with the Leica DMIL LED inverted microscope (Leica 180 Microsystems) , the N PLAN L 20x/0.35 PH1 objective, and the SPOT Insight color camera 181 (Diagnostic Instruments, Inc.) . Images were captured with the SPOT software (version 4.6). Image 182 analysis was performed using ImageJ 1.51h (National Institutes of Health). We created regions of 183 interest (ROI) by outlining the periphery of at least 20 representative cells using the freehand tool.
184
ImageJ output the values for area (um2) and circularity (ratio) for the selected ROI.
186
Cell barrier assay
187
The electrode array 8W10E+ ECIS (Applied BioPhysics) was stabilized with F99 or M5 medium. The 188 array surface was coated with 40 µg/cm 2 chondroitin sulfate A (Sigma-Aldrich) and 400 ng/cm 2 laminin 189 (Sigma-Aldrich) in phosphate-buffered saline (PBS) for two hours (for F99 cells) or with 7.5 µg/cm 2 190 collagen IV (Sigma-Aldrich) in 1x HEPES for 30 min (for M5 cells). Cells were seeded at a density to 191 achieve 100% confluence shortly after seeding, and were incubated in the arrays at room temperature for 192 one hour to facilitate even distribution. After seeding and preliminary cell attachment, arrays were 193 positioned into a 16-well array station and connected to the ECIS Zθ instrument to measure electric 194 impedance (Ω at 4000 Hz) for 4 days. Cell-cell (R b , Ω • cm 2 ) and cell-substrate (α, Ω 1/2 • cm) adhesion 195 were modeled from the electric impedance data obtained at 4000 Hz (Stolwijk et al., 2015) .
Transporter assays
measuring free H + concentration (pHi) with a microscope fluorometer (Kao et al., 2016) 
RESULTS
231
In vitro expansion of CEnC induces senescence-associated morphogenesis
232
The morphogenic effects of culture in high mitogenic (F99) and low mitogenic (M5) conditions on 233 primary CEnC were examined (Fig. 1) . Phase contrast images were acquired at each passage when 234 confluent monolayers were established ( Fig. 1B and Fig. S1 ). Morphometric analysis was performed at 235 each passage (Fig. 1C ). Up to passage 3, the area occupied by each cell was greater in F99, compared 236 with cells in M5, but the effect of medium on the curves was not statistically significant (p=0.065). Cell 237 circularity, which measures the degree to which a cell shape resembles a circle (1.0 is a perfect circle),
238
was greater at all passages for cells in M5 medium, compared with cells in F99. The effect of medium on 239 the curves for circularity was statistically significant (p=0.042). As the value approaches 0, cell shape is 
CEnC
256
To examine the ability of the cultured cells to maintain a CEnC-specific gene expression profile in low-257 or high-mitogenic environments, we compared the expression of 97 genes, previously identified as 258 specific to ex vivo corneal endothelium (evCEnC), in primary CEnC in M5 versus F99 at each passage 259 ( Fig. 2) (Frausto et al., 2016) . At P0, the cells in M5 expressed 83 of the 97 (85.6%) evCEnC-specific 260 genes, while cells in F99 expressed 76 (78.4%) ( Fig. 2A ). By P4, the percentages decreased to 75.3%
261
(73/97) in cells cultured in M5, and 66% (64/97) in cells cultured in F99 ( Fig. 2A) . We examined the 97 262 evCEnC-specific genes in the passaged cells to identify those that may be suitable positive selection 263 markers for assessing the quality of CEnC cultures using the following criteria: 1) expression in 2 or more 264 sequential passages, starting with P0; 2) decreasing expression over increasing passages ( 
280
An analysis of the expression of genes purported to be markers for CEnC identity and/or to 281 determine the quality of CEnC in culture revealed that many were neither specific nor highly expressed in 282 corneal endothelium (e.g., ATP1A1, TJP1, VIM, PRDX6, SLC3A2), or did not correlate well with other 283 quality metrics, such as cell morphology (e.g., ALCAM1, ERBB2, CD248, SLC25A11)( Fig. S2 ). We 284 should note that our data represents transcript abundance, and these markers may prove to be adequate marker and CD44 classified as a negative selection marker ( Fig. 3 ). SLC4A11 and CD44 transcript 289 abundances at P0 and P3 in CEnC cultured in both F99 and M5 was determined by RNA-seq and 290 validated by both qPCR and a Western assay (Fig. 3A) . Expression of SLC4A11, which was high in 291 evCEnC, decreased with increasing passage, while expression of CD44, which was high in evCEpC, 292 increased with increasing passage (Fig. 3B ). 313 and cells grown in M5 becoming increasingly more similar (Fig. S3A ). As the gene expression difference 314 was greatest at P0 (between F99 and M5), we performed bioinformatics analyses on the data set obtained 315 at P0. The genes upregulated in cells with each media at P0 were subsequently analyzed to identify gene 316 ontology (GO) and pathway terms enriched in our data sets (Table S5 ). GO terms significantly (q-value 317 <0.05) enriched in the F99 (P0) upregulated genes data set were associated with cell differentiation and 318 tissue development (e.g., developmental process, system development, and multicellular organism 319 development) (Table 1 ). In addition, significantly enriched pathway terms were associated with cell state 320 transitions (e.g., TGF-beta signaling pathway and epithelial to mesenchymal transition in colorectal 321 cancer) and cell senescence (e.g., senescence and autophagy in cancer). The significantly enriched GO 322 terms in the M5 (P0) upregulated genes data set were associated with cellular respiration (e.g.,
323
oxidoreductase activity and electron transfer activity) and lipid metabolism (e.g., lipid oxidation and fatty 324 acid oxidation). Similarly, pathway terms enriched in this data set were also associated with cellular 325 respiration (e.g., electron transport chain (OXPHOS system in mitochondria)) and lipid metabolism (e.g.,
326
fatty acid metabolism). GO and pathway enrichment results were similar for the other passages within the 327 same media group (Table S5 ).
329
Senescence of primary CEnC is not dependent on mitogen concentration 330
To determine whether the observed senescent-associated morphogenic changes coincide with gene expression changes, we assessed the expression changes for genes previously associated with cell expression that are consistent with the senescent phenotype observed for many distinct cell systems. To 334 determine the functional consequences of changes in gene expression, we identified genes that were 335 significantly differentially expressed at each passage (P0 was the reference), and for each medium (Table   336 S7). Passage 3 and 4 showed the greatest number of differentially expressed genes (Fig. S3B) , which 337 coincided with marked changes in morphometric measures. We subsequently performed GO and pathway 338 analysis to determine the GO and pathway terms enriched in this data set (Table S8 ). GO terms 339 significantly (q-value<0.05) enriched in the F99 (P3 and P4) differentially expressed genes data set were but showed significant enrichment for pathway terms associated with cellular energy processing (e.g., oxidative phosphorylation and the citric acid (TCA) cycle and respiratory electron transport).
346
The gene ontology and pathway analyses described above identified biological features in CEnC 347 as a consequence of differentially expressed genes. However, these analyses are performed in the absence 348 of the known direction of differential expression (i.e., downregulated and upregulated) for each gene. To 349 utilize the direction of differential gene expression for the purpose of informing not only pathway 350 enrichment, but also pathway activation state, we used the Ingenuity Pathway Analysis software (Table   351 S9). Significantly activated (z-score>1) pathways in all (P3 (F99 and M5) and P4 (F99 and M5)) data sets 352 were associated with an immune-like response (Table 3) . Significantly deactivated (z-score<-1.0) 353 pathways for all data sets were generally associated with metabolic pathways, which included pathways 354 associated with lipid metabolism, nucleotide biosynthesis, glycolysis and cellular respiration.
355
Cell senescence is characterized by an irreversible cell cycle arrest. To determine the impact of 356 passaging (i.e., expansion) on the cell cycle, we examined the intra-media data sets by focusing on the predicted activation state (as predicted by IPA software) of cell cycle functions (Table S10 ). Generally,
Senescence of primary CEnC involves the activation of the p53 and p38-MAPK pathways
363
To determine whether senescence of primary CEnC involves activation of the p53 and p38-MAPK 364 pathways and regulation of the cell cycle, we examined expression and activation of genes/proteins 365 known to regulate cell cycle arrest due to senescence (Fig. 4) . We created a custom pathway network that 366 included p53 (TP53) and p38-MAPK (MAPK14), the cyclin-dependent kinase inhibitors p21 CIP1 367 (CDKN1A) and p16 INK4 (CDKN2A), and well-established markers of cell senescence (LMNB1,
368
GADD45A and CD44) ( Fig. 4A ). In addition, we included the "senescence of cells" as the phenotype 369 connecting these factors. Initially, we superimposed the differential gene expression results (fold-change)
370
for genes encoding these proteins, and then we applied an algorithm that predicted the "activation" state 371 of the other proteins and the phenotype. Applying the prediction algorithm demonstrated activation of 372 both p53 and p38-MAPK, and activation of "senescence of cells" phenotype in primary CEnC at P3 in 373 both F99 and M5. Detection of phosphorylation of p53 and p38-MAPK at P3 by Western blotting 374 provided confirmation of their activation (Fig. 4B) . Although TP53 and MAPK14 gene expression were 375 not markedly different between P0 and P3 CEnC, phosphorylation of the encoded proteins was 376 significantly greater at P3 than P0 (p<0.05) (Fig. 4C ). In addition, significant (p<0.05) differential gene 377 expression of the senescence markers LMNB1, GADD45A and CD44 was observed at P3 in either F99 or 378 M5 or both, a result consistent with cell senescence (Fig. 4D ). In addition, we confirmed significantly 
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To determine whether the differences observed in barrier function between the two culturing 445 methods (F99 versus M5) could be explained by differences in barrier-associated proteins or in the 446 organization of the adhesive interactions between cells, we examined the expression and localization of 447 the cadherin protein CDH2. While CDH2 transcript levels measured by qPCR were significantly (p<0.01) 448 lower in cells cultured in M5, the CDH2 protein levels were not different (Fig. 5D ). However, the 449 organization of the adhesive interaction between cells was markedly different between cells grown in F99 450 and M5 (Fig. 5E ). In F99, the cell-cell interactions appeared diffuse and frayed, although these features 
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To determine the extent to which barrier-associated proteins may be involved in the more robust 477 establishment of a functional barrier of CEnC in M5 media, we examined several proteins associated with 478 either cell-cell adhesion or glycocalyx formation (Fig. 6 ). We first measured the expression of genes that 479 encode adhesion-associated proteins (CLDN11, AJAP1, TMEM204 and TMEM178A), and quantified 480 protein levels for each (Fig. 6A ). The expression of each of the four genes was higher in CEnC cultured in 481 M5 compared to F99, reaching statistical significance (p<0.05) for all four when measured at the 482 transcript level by qPCR, and for two (CLDN11 and TMEM178A) when measured at the protein level 483 (p<0.01). We then measured the expression of genes that encode glycocalyx-associated proteins (APOE,
484
MYOC, DCN, LUM and APOD), and quantified protein levels for each ( Fig. 6B) . Significantly (p<0.05) 485 higher transcript levels were observed for all five genes in CEnC cultured in M5, but only two of the 
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To assess transporter function, we assayed for intracellular proton concentration (i.e., pH i ) over 515 time, including after changes in buffer perfusion, since each of the transporters transfer protons across the 516 plasma membrane (Fig. 7B) . Traces showing intracellular pH demonstrate sensitivity to buffer changes 517 for each transporter. Qualitatively, the rate of change in intracellular proton concentration mediated by 518 SLC4A4 and SLC4A11 following a change in buffer appears greater in M5 compared with F99 medium.
519
In contrast, the rate of change in intracellular proton concentration mediated by SLC16A1 following a 520 change in buffer appears greater in F99 compared with M5 medium. Quantitatively, and as an indirect mosaic of CEnC, and its primary function is to maintain the corneal stroma in a partially dehydrated state early reports suggest that the human corneal endothelium may possess a glycocalyx-like layer composed CEnC morphologic and functional phenotype at higher passage numbers remains an active area of functional analysis of cells will need to be performed at later passages to ensure viability as a therapeutic 686 modality. The progression to senescence in vitro remains a significant barrier to the expansion of 687 cultured CEnC. Identification of oxidative stress as a component of CEnC senescence has prompted 688 investigators to use p38MAPK inhibitors to delay the onset of senescence, but this approach has shown 689 mixed results (Hongo et al., 2017; Nakahara et al., 2018; Sheerin et al., 2012) . Similarly, ascorbic acid 690 was a supplement added to early media formulations (added to F99 and M4) to reduce/inhibit oxidant-691 induced stress/apoptosis (Serbecic and Beutelspacher, 2005; Shima et al., 2011) . In addition, senescent includes the secretion of immune-regulating factors (cytokines, chemokines and growth factors) that have 694 been demonstrated to support tumorigenesis in adjacent epithelial tissues (Georgilis et al., 2018; Laberge 695 et al., 2015; Lau and David, 2019; Lopes-Paciencia et al., 2019) . As a remedy to senescence, we identify 696 both classical and novel pathways associated with CEnC senescence that can be manipulated 697 experimentally to potentially achieve significant CEnC expansion with minimal senescence. In addition,
698
we identified which previously reported markers represent the optimal markers for selection of high 699 quality cultured CEnC, and propose TMEM178A as a novel positive selection marker. We propose that 700 because senescent CEnC can be present in cultured CEnC preparations and that senescent cells may 701 support tumorigenesis, a Descemet membrane biomimetic carrier is preferred to injection of a suspension 702 of cells, to both maximize cell count and minimize their tumorigenic potential (Gutermuth et al., 2019;  method may improve the culturing of CEnC in vitro, we provide evidence that this method is preferred to Friden, V., Oveland, E., Tenstad, O., Ebefors, K., Nystrom, J., Nilsson, U.A., and Haraldsson, B. (2011) . Notes: 1) See Figure S3B for complete set of intra-media comparisons. 2) A positive z-score denotes Notes: 1) See Figure S3B for complete set of intra-media comparisons. 2) A positive z-score denotes 913 Table S3 . Antibodies.
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